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Research, University of Southampton, Southampton, United KingdomABSTRACT The tectorial membrane (TM) of the mammalian cochlea is a complex extracellular matrix which, in response to
acoustic stimulation, displaces the hair bundles of outer hair cells (OHCs), thereby initiating sensory transduction and amplifi-
cation. Here, using TM segments from the basal, high-frequency region of the cochleae of genetically modified mice (including
models of human hereditary deafness) with missing or modified TM proteins, we demonstrate that frequency-dependent stiff-
ening is associated with the striated sheet matrix (SSM). Frequency-dependent stiffening largely disappeared in all three TM
mutations studied where the SSM was absent either entirely or at least from the stiffest part of the TM overlying the OHCs.
In all three TM mutations, dissipation of energy is decreased at low (<8 kHz) and increased at high (>8 kHz) stimulus
frequencies. The SSM is composed of polypeptides carrying fixed charges, and electrostatic interaction between them may
account for frequency-dependent stiffness changes in the material properties of the TM. Through comparison with previous
in vivo measurements, it is proposed that implementation of frequency-dependent stiffening of the TM in the OHC attachment
region facilitates interaction among tones, backward transmission of energy, and amplification in the cochlea.INTRODUCTIONThe detection of sound in the mammalian cochlea is medi-
ated via the organ of Corti (OC), a remarkable integration
of extracellular matrices, cytoskeletal architecture, and
molecular machinery. Each element of the OC has specific
electrical and mechanical properties to facilitate transmis-
sion of acoustic energy along the cochlea, decompose com-
plex sounds into individual frequency components, and
(through rapid mechanoelectrical-electromechanical pro-
cesses) amplify mechanical movements and convert them
into electrical signals across vast ranges of frequencies and
levels (1). The stiffness of the basilar membrane (BM) of
the OC increases from the apex of the cochlea to its base
(2). This gradient of stiffness provides the mechanical basis
for cochlear frequency tuning with low-frequency vibrations
of the BM peaking near the apex of the cochlea and high fre-
quencies peaking near the base (2). Miniscule amounts of
energy transmitted by the BM vibrations cause shear dis-
placements between the apical surface of the OC and another
extracellular matrix, the tectorial membrane (TM), into
which the tips of the stereocilia of the outer hair cells
(OHCs) are imbedded (3). The resultant modulation of cur-
rent flow through the OHC serves as a control signal for
the cochlear amplifier (4,5), which amplifies and sharpens
the BM vibrations at the frequency-specific place (6).Submitted August 27, 2014, and accepted for publication November 4, 2014.
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0006-3495/15/01/0203/8 $2.00The TM is a viscoelastic structure (7) that decreases in
both width and thickness from cochlea apex to base and
has longitudinal anisotropy (8–12) paralleling that of the
BM (6). Interaction between BM and TM traveling waves
has been hypothesized to control the spatial extent and
timing of OHC excitation, which affects both gain and fre-
quency tuning in the cochlea (13–16). Timing of the TM and
BM traveling waves determines the relative shear motion
between the OC and the TM (17,18). In 2013, it was found
that the mechanical properties of the TM varied with stim-
ulus frequency (19), a property that has yet to be considered
in cochlear models.
According to this new finding, energy transmission along
the various structures in the cochlea, which are submerged
in fluid, is optimized—thereby enhancing amplification of
signals at the frequency-specific place (19). The structural/
physicochemical basis for the frequency dependence of
the TM’s mechanical properties is, however, unknown. It
is worth noting that the frequency-dependent mechanical
properties of living cells (20–22), including the OHCs
(23), have been well documented. This frequency depen-
dence is associated with the structurally complex cytoskel-
eton. In this sense, it is not surprising that the mechanical
properties of the TM, which has an intricate, highly orga-
nized internal structure, are also frequency-dependent.
The structural complexity of the mammalian TM (24)
has been associated with findings that reveal important roles
for the TM in the harnessing and distribution of energy and
frequency tuning in the mammalian cochlea (14,15,25–27).
Despite advances in understanding the physiologicalhttp://dx.doi.org/10.1016/j.bpj.2014.11.1854
204 Jones et al.importance of the TM, it is not known, as yet, which part of
the TM’s intricate structure is responsible for its complex,
frequency-dependent material properties. The most com-
plex structural component of the TM appears to be the
core, which is composed of radial bands of collagen fibers
imbedded in and structurally organized by a striated sheet
matrix (SSM); a quasi-crystalline array of glycoproteins
(28,29). The SSM is composed of a number of different pro-
teins, including a-tectorin (Tecta) (25,30,31), b-tectorin
(Tectb) (14,26), otogelin (Otog) (32), otolin (33), and Cea-
cam16 (34), which have been identified with organizing
the longitudinal anisotropy of the TM (9–12,35).
In this article, we describe the outcome of experiments
designed to determine the frequency-dependent material
properties of TM segments extracted from three groups of
mice with disrupted or missing SSM. The groups with
missing SSM comprise TectaY1870C/þ, lacking expression
of a-tectorin (25); and Tectb/, lacking expression of
b-tectorin (14). In the third group, we have the
OtoaEGFP/EGFPmice,which lack the expression of otoancorin
(27,36). Although the structure of SSM is largely unaffected,
the SSM is missing from the region overlying the OHCs (27).
In humans,mutations ofTectaY1870C/þ andOtoaEGFP/EGFP are
causes of hereditary deafness (10,37,38). We used a laser
interferometer to measure the longitudinal propagation of
radial, shearing, traveling-waves along the lengths of TM
segments isolated from the basal, high-frequency, turns of
the cochleae. The outcomes of these measurements are
discussed with respect to known physicochemical properties
of the TM and in vivo measurements of the acoustical,
mechanical, and electrical responses of the cochlea.MATERIALS AND METHODS
Preparation of TM samples
Data from the basal cochlear region were collected from TectaY1870C/þ,
Tectb/, and OtoaEGFP/EGFP mice (of between 1 and 6 months of age)
on CBA/Ca backgrounds. Mice were euthanized by CO2 and dissections
were performed under a light microscope, in a Petri dish containing artifi-
cial endolymph (174 mM KCl, 2.00 mM NaCl, 0.0261 mM CaCl2,
3.00 mM D-glucose, and 5.00 mM HEPES, pH ¼ 7.3). The inner ear
was removed from the skull and the cochlea was opened with forceps.
The TMwas detached from the spiral limbus (if necessary) using a tungsten
probe with a tip diameter of <0.1 mm, and cut with a scalpel blade into
segments between 350- and 1000-mm long. A segment, cut from the basal
one-third of the detached TM, was transferred into the pre-prepared exper-
imental chamber using a glass-tipped pipette and mounted.FIGURE 1 Schematic of the inside of the experimental chamber, con-
taining a mounted segment of TM, attached to both supports. Stimulation
was delivered by the vibrating support, which was attached to a piezoelec-
tric actuator, and a single laser was stepped along the TM to track amplitude
and phase of radially shearing, longitudinally propagating traveling waves
at different frequencies. To see this figure in color, go online.Traveling wave excitation and measurements
Experiments were conducted using the method previously described in
Jones et al. (19) in a quiet room, on a vibration isolation table, and inside
a Faraday cage. The experimental chamber was filled with artificial endo-
lymph so that the prepared TM was submerged to a depth of at least
4 mm. Cell-Tak (BD Biosciences, San Jose, CA) was used to attach a single
segment of TM to a vibrating support (~5  10  <1 mm) attached to a
stimulation piezo (model No. AE0203D04; ThorLabs, Newton, NJ), andBiophysical Journal 108(1) 203–210a mechanically isolated stationary support (~10  10  <1 mm)
(Fig. 1). The stimulation piezo was mounted rigidly to the microscope slide
forming the base of the chamber. A lab-built, self-mixing, homodyne laser-
diode interferometer (39) aimed through a viewing window in the front wall
was used to record the phase and amplitude of traveling wave at multiple
points along the mounted segment of TM.
The beam of the laser interferometer was focused onto the marginal edge
of the TM near the vibrating support so that the light entering the chamber
was approximately parallel with the end of the vibrating support. Recording
commenced from this point, and the laser beam was stepped along the TM
(in 10- or 20-mm steps, typically with 3–5 repetitive measurements for each
position) until it came within 100 mm of the stationary support or a segment
of at least 300 mm had been covered for each TM preparation. Radial sinu-
soidal stimulation of 2–20 kHz was applied to the TM via the vibrating
support in steps of 1 kHz at every longitudinal position. Measure-
ments <2 kHz and >20 kHz were not reliable due to small phase gradients
(<1/8 of a cycle) at low frequencies and small amplitude of vibrations,
which approached the noise floor of ~0.5–5 nm (measured <300 mm
from the piezo), and, hence, resulted in a low signal/noise at high fre-
quencies. Amplitude data were calibrated to control for variable reflectance
at each point along the TM using a piezo with known displacement, on
which the laser diode was mounted.Calculation of material properties of the TM
Shear modulus, G0(u), and shear viscosity, h(u) of the TM were calculated
using a model of the TM in fluid environment (19). Namely, shear modulus
and shear viscosity were calculated from the equation
G
0 ðuÞ þ iuhðuÞ¼ u
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where u is angular frequency, TTM is thickness of the TM (2  105 m),
rf and rTM are the fluid density and the TM density, respectively (both
are taken to be 103 kg m3), k is the complex wavenumber, and d is the
boundary layer thickness, which was determined as
d ¼
ﬃﬃﬃﬃﬃﬃﬃ
m
urf
r
; (2)
where m is the coefficient of viscosity (7 104 kg m1 s1). The complex
wavenumber can be calculated from the measured wave speed, c, and decay
constant, a, as
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Note that if the viscosity and hence the boundary layer thickness tends
to zero, the right-hand side of Eq. 1 just reverts to the complex shear
modulus, as
kðuÞ ¼ u
cðuÞ; (4)
where c(u) is the frequency-dependent shear wave speed, which is equal
to the square-root of the complex shear modulus divided by the TM density,FIGURE 2 Phase data collected from the basal TM segments of
TectaY1870C/þ, Tectb/, and OtoaEGFP/EGFP mice. (A–C) Average phase
lag as a function of longitudinal distance along the TM segments, for
each stimulus frequency (for clarity, error bars are not shown). (D) Average
wave propagation velocity, calculated from the full longitudinal distance
obtained in each experiment (TectaY1870C/þ n ¼ 12, Tectb/ n ¼ 14, and
OtoaEGFP/EGFP n ¼ 12 mean 5 SE), includes wild-type data previouslyso that
c2ðuÞ ¼ G
0 ðuÞ þ iuhðuÞ
rTM
: (5)
RESULTS
Frequency-dependent propagation of longitudinal traveling
waves was investigated in segments of TM isolated from
the basal (high-frequency) region of cochleae from
TectaY1870C/þ, Tectb/, and OtoaEGFP/EGFP mice, with
mutations or deletions of the TM proteins, a-tectorin,
b-tectorin, and otoancorin. Measurements were confined
to the basal region, because it was in this region that the
propagation of longitudinal traveling waves along the
TM showed greatest frequency dependency (19). Longitu-
dinally propagating traveling shear waves were excited in
the TM by sinusoidal vibration of the piezoelectric actu-
ator (Fig. 1) and the amplitude and phase of the radial
displacement due to the traveling wave, as functions of
distance from the source of excitation, were measured
with a laser diode interferometer (39). These data provided
the basis for deriving the dynamic material properties of
the TM.collected from the basal cochlear region for comparison (19).Velocity of the TM traveling waves decreases
when SSM is disrupted or missing
The traveling wave velocity was calculated from the
progressive phase lag measured as a function of longitudinal
distance from the vibrating platform (x¼ 0 mm). In modified
TMs from all three groups of mice, the phase lag in-
creased as a function of stimulation frequency (2–20 kHz)
(Fig. 2, A–C).
The propagation velocity, c, of the traveling waves was
calculated at each frequency, u, as c ¼ u  x/D4, where
D4 is the overall change in phase over the longest measure-
ment distance x for each segment, i.e., average velocity over
distance xwas calculated. The means and standard error of c
at each frequency are shown in Fig. 2 D and compared to
previously published data from normal, wild-type TMs (19).
Propagation velocity in TM segments taken from
mice with disrupted or missing SSM increased as a func-
tion of stimulus frequency. The velocity increase with
frequency was similar for all three groups, increasingfrom ~1.5 m s1 at 2 kHz to 5.5 m s1 at 20 kHz. Apart
from the propagation velocity minima at 5 kHz, propagation
velocities measured from the wild-type mice (black squares;
Fig. 2 D) are significantly higher than those measured in the
groups with modified TM, especially at the highest stimulus
frequency used (20 kHz).Amplitude decay of TM traveling wave increases
when SSM is disrupted or missing
The amplitude of the traveling wave also decays with
distance along the TM. The decay constant, a, was derived
by fitting an exponential decay to the wave amplitude, Y(x)
as a function of longitudinal distance x, namely, Y(x) ¼
Y(0)eax, where Y(0) is the wave amplitude at the stimula-
tion place.
The decay constant tended to decrease with increasing
stimulus frequency in TM segments isolated from the
wild-type mice (Jones et al. (19); see squares in Fig. 3).Biophysical Journal 108(1) 203–210
FIGURE 3 Amplitude decay (5SD) and space constants of the traveling
wave as a function of frequency for basal TM segments. (Solid lines)
Polynomial fit to the data points of TectaY1870C/þ (a ¼ 2887-0.158fþ
0.00000434f 2, r2 ¼ 0.39), Tectb/ (a ¼ 1372-0.494fþ0.0000151f 2,
r2 ¼ 0.75), and OtoaEGFP/EGFP (a ¼ 1550-0.182fþ0.000000274f 2,
r 2 ¼ 0.79) mice. The figure also includes previously collected wild-type
data from the basal cochlear region (19).
FIGURE 4 Frequency dependence of the dynamic material properties of
the TM. Equations 1 and 3 (Materials and Methods) and the experimental
data presented in Fig. 2 C and Fig. 3 were used for calculations. (A) Shear
storage modulus, G0. (B) Shear viscosity, h. (C) Loss tangent, tand and (D)
reciprocal of the loss tangent, 1/tand, which is proportional to the quality
factor Q. TM thickness, TTM, was taken as 20 mm for the basal segments.
Includes data from wild-type mice previously collected from the basal
cochlear region for comparison (19).
206 Jones et al.For all three groups with modified SSM, however, the decay
constant increased with increasing frequency over the same
stimulus frequency range (Fig. 3). An increase in a corre-
sponds to a decrease in the space constant (s), which repre-
sents the spatial extent of the wave’s propagation (Fig. 3).The mechanical properties of the TM are affected
by structural disruption of SSM
The viscoelastic properties, namely the shear storage
modulus, G0(u), and shear viscosity, h(u), were calculated
at discrete frequencies from the wave propagation velocity,
c(u), and the decay constant, a(u), using Eqs. 1 and 3
(Materials and Methods). These properties had previously
been found to be highly dependent on stimulus frequency
when measured from TM segments isolated from the basal
turn of the wild-type mice (19). The shear viscosity, h(u),
which was shown in the wild-type mice to decrease
8.4-fold with increasing frequency ranging 2–10 kHz
(squares; Fig. 4 B), was found here to be almost independent
of frequency in all three groups with disrupted or missing
SSM (circles, crosses, and triangles; Fig. 4 B).
The shear storage modulus, G0(u) measured from TM
segments isolated from the basal region of all three groups
of mice with modified TMs, increased as a function of stim-
ulus frequency, ranging 2.52–31.2 kPa for TectaY1870C/þ,
4.46–29.7 kPa for Tectb/, and 4.63–41.2 kPa for
OtoaEGFP/EGFP, between 2 and 20 kHz (circles, crosses,
and triangles; Fig. 4 A). These increases are small when
compared with those obtained from similar measurements
made from wild-type mice, where G0(u) increased over
the same stimulus frequency range of 6.50–80.1 kPa
(squares; Fig. 4 A). Note that <5 kHz, the frequency depen-
dence (and even the absolute magnitude) of G0(u) is similar
for the wild-type mice and for the groups of mice with
modified TMs.Biophysical Journal 108(1) 203–210It is worth noting that if the effect of the external fluid is
ignored, then by setting the boundary layer thickness to zero
in the calculation of the complex modulus in Eq. 1, the
apparent shear modulus is slightly lower than that calculated
here. However, the apparent shear viscosity is significantly
increased, because the damping physically due to the fluid
is then accounted for in that of the TM.Energy transmission and dissipation is modified
in TMs with disrupted SSM
The loss tangent tand, ¼ G00/G0, where G00 is the loss
modulus (G00 is calculated as G00 ¼ uh(u) using data for
h(u) in Fig. 4 B), defines the ratio of energy dissipated to
energy stored per volume unit of TM (19) and characterizes
the effectiveness of longitudinal energy transmission during
shear deformations of the TM (Fig. 4 C). The value tand
calculated for the TM segments isolated from the basal
regions of the three groups with modified TM (circles,
crosses, and triangles; Fig. 4 C) behaved differently as func-
tions of stimulus frequency compared to that of basal turn
TM segments of wild-type mice (squares; Fig. 4 C).
For stimulus frequencies <5 kHz, tand calculated for TM
segments isolated from the groups with disrupted or missing
SSM was significantly lower than that of tand calculated for
TM segments of the wild-type mice. In other words, at these
low frequencies, the relative dissipation of energy is lower
in the modified TMs than in the wild-type mice. At 20
kHz, however, tand for the wild-type mice is approximately
one-half of that for any group with disrupted or missing
SSM and, hence, the TM in the wild-type mice is more
Roles for the Striated Sheet Matrix 207efficient at transmitting energy at stimulus frequencies
approaching the frequency range of the basal turn of the
mouse cochlea.
The reciprocal of the loss tangent is proportional to the
quality factor, ðQf1=tanðdÞ ¼ G0=G00Þ; which describes
the resonant material properties of the TM (Fig. 4 D). In
the segments from all groups with modified TMs (circles,
crosses, and triangles; Fig. 4 D), Q is relatively independent
of frequency, while in the TM segments isolated from the
wild-type mice (squares; Fig. 4 D), there is a very clear
rise in the value of Q with increasing frequency. In all three
groups with disrupted or missing SSM, there is less variation
in Q with frequency across the 2–20 kHz range than in seg-
ments isolated from the wild-type cochleae.DISCUSSION
In vitro traveling wave propagation is disrupted
in all three mutant groups with compromised
striated sheet matrix
The velocities of traveling waves measured in segments of
TM isolated from the cochleae of TectaY1870C/þ, Tectb/,
and OtoaEGFP/EGFP mice were all similarly and signifi-
cantly reduced by comparison with traveling wave veloc-
ities measured in segments of TM isolated from the same
region of the cochleae of wild-type mice (Fig. 2 D).
Reductions in the wave velocity were accompanied by
an increase in the decay constant for the majority of the
measured frequency range (Fig. 3) and are manifested in
traveling waves (Fig. 5), which have shorter wavelengthswith more rapid decay than those from wild-type TMs.
We attribute these differences largely to changes in fre-
quency-dependent stiffness than to shear viscosity. This
is because, at least for the frequencies illustrated in
Fig. 5 (>8 kHz), the shear viscosity of TMs isolated
from wild-type mice and those with genetically modified
protein composition are similar (Fig. 4 B). The only major
structural component of the TM, which, as far as we are
aware, is altered in common in the genetically modified
mice used in this study, is the SSM. It is completely ab-
sent in the Tectb/ mouse (14) and partially lost in the
TectaY1870C/þmouse (25), including a marginal region
where, in the TM of OtoaEGFP/EGFP mice, it is specifically
absent.
The marginal region is a zone 20-mm wide (~20%
width of the TM), which runs along the lateral edge that
overlies the OHCs (27). It is the stiffest part of the TM
and, in the basal turn of the cochlea, is the only region
of the TM that becomes increasingly stiffer with
increasing frequency place on the BM (8,40). Gueta
et al. (40) presumed that the place-dependent stiffness
gradient of this zone was to facilitate energy transfer
with the OHC hair bundles, whose stiffness also increases
with increasing distance from the apex of the cochlea
(41,42). It would appear, according to the findings re-
ported here, that any loss of SSM, especially in the hair-
bundle attachment zone of the TM, is associated with a
loss of the frequency-dependent stiffness of the material
properties of the TM.
Findings related to the frequency-dependency of mechan-
ical properties of the TM reported here are considered newFIGURE 5 Recreated instantaneous traveling
waveforms calculated from the accumulated phase
lag and decay constant at 10 and 20 kHz, respec-
tively, for all groups of mice. To see this figure in
color, go online.
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properties of the TM upon which they are based are similar
to those reported previously for individual frequencies,
using similar methods, from mice with genetic modification
of the TM (26,43).
Note that the complex shear modulus calculated here is of
the TM alone. When the TM is integrated into the organ of
Corti, its dynamics will be influenced by the stiffness of the
OHC stereocilia, which will tend to increase the shear wave
speed; and the viscosity of the fluid in the subtectorial space,
which will tend to increase the damping. Assuming the
geometry of the subtectorial space is similar in the wild-
type and genetically modified mice, these effects, however,
will be the same in all groups of mice and the differences
seen here for the TM alone will also be reflected in the
in situ TM dynamics.Disruption or absence of the striated sheet matrix
largely abolishes frequency dependence of the
TM mechanical properties
The organization of the TM is complex, with radial collagen
fibers and interconnecting noncollagenous glycoproteins
forming the quasi-crystalline striated sheet matrix (28,29).
This complexity has led to the suggestion that the array
structure and different packing density of collagen fibers
form a basis for longitudinal, radial, and transversal gradi-
ents of the TM’s mechanical properties (8–12). We further
suggest that the striated sheet matrix provides a specific
structural basis for the frequency dependency of the material
properties of the TM (19).
Insight into the physical basis for the frequency depen-
dence of the mechanical properties of the TM may be
deduced from what is currently understood about the phys-
ical chemistry of the TM. In a conceptual model by Masaki
et al. (44), the TM is considered as a porous matrix, consist-
ing of solid and fluid phases with the fluid phase moving
through pores of a limited size. At asymptotically low
frequencies, the elasticity of the solid phase, namely the
elasticity of interconnected collagen fibers, is the domi-
nating component of the TM stiffness. With increasing stim-
ulation frequency, the viscosity of fluid moving through
the relatively small pores of the TM matrix would be
expected to contribute significantly toward the TM’s
mechanical properties, thereby creating a possible basis
for their frequency dependence.
Indeed, changes in the viscosity of the TM’s fluid phase
are associated with prominent changes in TM electrokinetic
response (45), indicating the importance of fluid movement
within the TM during its deformation. If in TMs with
missing or genetically modified proteins, the porous struc-
ture is altered, as found byMasaki et al. (43) for TM isolated
from TectaY1870C/þ mice, the contribution from the viscosity
of the fluid phase might be reduced with a consequent reduc-
tion or abolition of the frequency dependency of the TMBiophysical Journal 108(1) 203–210mechanical properties. Such changes in the shear viscosity
of the TM has been shown to modify propagation of waves
in the TM with important consequences for cochlear tuning
in TectaY1870C/þ mice (46).
Another possible basis for the frequency-dependent me-
chanical properties of the TM is change in the local density
of fixed charges within the TM during its deformation. It has
been demonstrated that the TM contains high concentration
of fixed charges associated with ionized sulfate (SO3
) and
carboxyl (COO) groups of glycoproteins (7,47) and that
electrostatic interaction between them contributes signifi-
cantly to the compressional stiffness of the TM (45).
Furthermore, neutralization of the fixed charges at low pH
causes a two-to-threefold reduction in the TM shear imped-
ance (48). Thus, shear deformation of the TM should lead to
changes in the local density of the fixed charges and conse-
quent redistribution of mobile ions and fluid phase within
the TM according to the principles of electrodiffusive,
osmotic, and mechanical equilibrium, and bulk electroneu-
trality (47).
The time taken to reach the equilibrium is limited by the
poroelastic relaxation time, which is of the order of tens of
minutes (7,44,49) and can affect the mechanical responses
of the TM at acoustic frequencies (45). If electrostatic inter-
action between the fixed charges contributes to the fre-
quency dependence of the TM mechanical properties,
then the decreased frequency-dependent stiffness we have
observed in TMs from TectaY1870C/þ, Tectb/, and
OtoaEGFP/EGFP mice could be due to a consequent reduction
in density of the associated fixed charges in the TM, as has
indeed been reported for TectaY1870C/þ mice (43). A likely
source of the fixed charges, which is disrupted in all three
mouse mutants used in this study, is the SSM which,
because of its composition and structural organization, is
likely to have a dense, highly organized distribution of fixed
charges.
Because both porosity and fixed charges within the TM
determine its mechanical properties (44,45,48), it is likely
that combinations of both these factors determine specific
frequency dependence of the TM dynamic material proper-
ties (19). It should be remembered that enhanced tuning of
the TM (14) comes at a price. Fewer OHCs are engaged to
amplify a single frequency place on the BM, with subse-
quent loss, albeit relatively small, of sensitivity (14,18).
It would appear that sensitivity of the cochlea, rather
than enhanced frequency tuning of the TM, has greater
survival value.Forward energy transmission is not affected
in mice with missing or disrupted striated
sheet matrix
It has been hypothesized that a reduction of stiffness of the
basal TM at low frequencies leads to functional decoupling
of the TM from the cochlear partition, which minimizes
Roles for the Striated Sheet Matrix 209energy loss and facilitates energy transmission along the
cochlea to the cochlear apex (19). At the same time, stiff-
ening of the basal TM at high frequencies (19) maximizes
cochlear amplifier gain through better elastic coupling along
the TM (14,16). The effectiveness of energy transmission
(loss tangent, tand, Fig. 4 C), which is relatively large at
frequencies >8 kHz for TM segments from mice with
deleted or altered TM proteins compared to those of TM
segments from wild-type mice, is expected not to lead to
higher energy losses from the modified TMs in vivo. This
is because the TM in the basal region of the cochlea would
not experience significant radial shear during the propaga-
tion of low-frequency BM traveling waves.
The waves peak at their characteristic frequency place,
which is closer to the cochlear apex, and do not show signif-
icant phase change in the basal region (6). In vivo, the TM in
the basal region of the cochlea experiences significant shear
at frequencies that are close to the characteristic fre-
quencies of that region (~35–60 kHz for the isolated
TM segments used in our experiments). Hence, higher
energy losses from TMs of TectaY1870C/þ, Tectb/, and
OtoaEGFP/EGFP mice, compared with wild-type mice, are
expected only for frequencies near the characteristic fre-
quencies of the basal turn, but propagation of energy to
the characteristic place should not be affected.Physiological consequences of changes in
mechanical properties of mutant TMs
The physiological phenotypes expressed by TectaY1870C/þ,
Tectb/, and OtoaEGFP/EGFP mice reveal an important
similarity and differences. Total loss of SSM, as in Tectb/
mice, is associated with loss of elastic coupling along the
TM in vivo (14,16) and, therefore the presence of b-tectorin
is necessary for maintaining the SSM and velocity and
spatial extent of traveling waves in vitro (15,19,26). In
Tectb/ and TectaY1870C/þ mice, where SMM loss is not
restricted to the hair-bundle attachment zone in the TM,
gain and sensitivity of BM responses in the 50–60 kHz
region of the cochlea are reduced by ~10 dB SPL compared
with measurements from wild-type littermates (14,25) and
OtoaEGFP/EGFP mice (27).
These measurements, which reveal that the sensitivity of
tone-evoked BM vibrations is changed only slightly or
imperceptibly, provide evidence that forward energy trans-
mission is not affected in the basal turn of the cochlea in
these mutants. The loss of sensitivity of BM motion
measured in Tectb/ and TectaY1870C/þ mice, where there
is total or partial loss of SSM distributed throughout the
TM, may be a consequence of imperfect impedance match-
ing and hence transfer of energy, between the stiffness of the
OHC hair bundles and that of the TM; or may be a conse-
quence of changes in elastic (14,15,19) and viscous
coupling (46) along the TM with corresponding changes
in the spread of excitation within the cochlea and reductionin cochlear gain (14,16). TectaY1870C/þ, Tectb/, and
OtoaEGFP/EGFP mice do, however, share a common physio-
logical phenotype.
Changes in themechanical properties of the TMof all three
mutants effect interaction between tones in the cochlea and
the backward transmission of energy from the cochlea,
because of this interaction, as revealed in measurements of
DPOAE isothreshold responses. DPOAE thresholds are
increased, in comparison with those from wild-type litter-
mates, by ~20 dB across the stimulus frequency range
(2–60 kHz) inTectaY1870C/þ andOtoaEGFP/EGFPmice (25,27).
In addition, DPOAE generation in Tectb/ mice appears
to have a velocity dependency, possibly associated with loss
of elastic coupling along the TM. Thus, for the products of
interaction between tones in the cochlea, the TM appears to
act as the conduit for energy transfer along the organ of
Corti, a process that is severely attenuated in the TMs of
mice where the SSM is missing, at least from the hair-
bundle attachment zone of the TM. Regardless of what other
structures have been implicated in the transmission of emis-
sion energy along the cochlea (50), frequency-dependent
properties of the TM are essential for the generation and
transmission of DPOAEs along the BM. This finding has
consequences in the clinic for subjects with congenital hear-
ing loss due to absence or modification of TM proteins,
where there may be a mismatch between hearing assessed
through measurement of DPOAEs and more direct measures
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